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Barnes, Allison C.; Benning, Christoph; and Roston, Rebecca, "Chloroplast membrane remodeling during freezing stress is accompanied by cytoplasmic acidification activating SENSITIVE TO FREEZING 2" (2016). Biochemistry --Faculty Publications. 192. http://digitalcommons.unl.edu/biochemfacpub/192 4 used, presumably because in their protonated form organic acids can carry protons across membranes to 142 affect the cytosolic pH . Consistent with this possibility, the membrane-permeable 143 proton carrier 2,4-dinitrophenol had stronger effects at more neutral pHs, while hydrochloric acid had no 144 measurable effect. SFR2 activity was further enhanced in the 2,4-dinitrophenol sample when 10 mM 145
MgCl 2 was added (Fig. 2, lane 7M) . Together, these data indicate that SFR2 can be activated in isolated 146 organelles and in whole tissue by lowered pH and increased Mg 2+ concentration. 147 148
Cytosolic pH changes in response to freezing and acetic acid treatment. To corroborate the hypothesis 149 of SFR2 activation by pH and Mg 2+ , physiologically relevant changes in cellular pH were measured 150 during SFR2 activating conditions. This was done using two independent Arabidopsis lines stably 151 expressing a pH-reporting fluorescent protein from sea pen (PtGFP) shown to be located in the cytosol 152 , Geilfus et al., 2014 . These plants were grown at room temperature, cold acclimated 153 for a week, or cold acclimated and frozen at -6°C overnight, after which ratiometric fluorescence was 154 measured by confocal microscopy (Fig. 3A) . Low-temperature treated plants were measured at 4°C 155 immediately after removal from their incubation temperature. A pH decrease was detected between 156 normal and cold-acclimated plants, with a further decrease observable between cold-acclimated and 157 frozen plants (Fig. 3C ). The temperature of measurement did not appear to have a large effect on 158 quantification, as ratiometric responses of purified PtGFP buffered at multiple pH values and measured at 159 4°C and 22°C were nearly identical (Fig. 3B) . To compare the level of cytosolic acidification during 160 freezing with that during acid treatment as described in Figure 2 , the PtGFP transformed Arabidopsis 161 lines were also treated with 20 mM acetic acid at pH 5.0. Plants were grown at room temperature, floated 162 in acetic acid or water for one hour, and then measured precisely as above (Fig. 3D ). After one hour of 163 floatation on acetic acid, pH decreased significantly in both lines. It should be noted that using identical 164 microscope parameters, we were able to measure a slight ratiometric response of wildtype plants not 165 transformed with PtGFP. This parameter was used to mathematically correct estimated pHs for all data. 166 167 SFR2 is not substrate limited. In addition to changes in the aqueous boundary layer that may occur in 168 response to freezing and affect SFR2 activity, changes to the membrane itself may cause SFR2 activation. 169
Specifically, it seemed possible that the substrate MGDG is not accessible to SFR2 in the outer 170 chloroplast envelope membrane under normal conditions, but would become accessible following 171 freezing-induced membrane disruption. To test this possibility, oligogalactolipids were quantified under 172 phosphate-limited growth conditions known to induce additional MGDG synthases in the outer envelope 173 membrane, the same sub-organellar location as SFR2 . Plants were grown for 2 174 weeks then transferred to medium lacking phosphate for 10 days. If MGDG levels limit SFR2 activity, 175 then oligogalactolipid levels would be expected to increase during phosphate deprivation, because of 176 increased MGDG availability. However, increases in oligogalactolipids were not observed (Fig. 4A) . In 177 comparison, a positive control showed production of TGDG after a single hour of flotation on 20 mM 178 acetic acid. Thus, substrate-availability is unlikely to play a major role in increasing SFR2 activity 179 following freezing. 180 181 SFR2 does not have stable protein partners. In planta, SFR2 appears to form a complex of 182 approximately 140 kDa, as determined by native gel electrophoresis (Fig. 4B ). This complex does not 183 appear to change with the activity level of SFR2, because the size of the complex did not shift in response 184
to SFR2 activation at -6°C (Fig. 4C) . If the complex represents stable association between SFR2 and 185 other proteins, the other proteins could provide additional information about the mechanism of 186 temperature sensing. were obtained and confirmed to obtain genomic insertions by PCR (Supplemental Fig. S1A ). These lines 196
were tested for aberrant SFR2 complex formation and activity. The size of the SFR2-containing complex 197 appeared normal (Fig. 4D) , and plants did not have reduced freezing tolerance (Fig. 4E ). SFR2 activation 198 also appeared normal, as it could be activated in response to 20 mM acetic acid (Fig. 4E) , and was not 199 otherwise active during normal growth (Supplemental Fig. S1B However, TAG from frozen sfr2 did not contain significantly more 16:3 after freezing, making this 218 change SFR2-dependent (Fig. 5A, B) . In contrast, TAG levels increased in both wild type and sfr2 plants, 219
in an SFR2-independent change (Fig. 5A,B) . Total fatty acid compositions were only slightly changed, 220 MGDG fatty acid composition was unchanged, and changes to PG levels and composition were small 221 (Fig. 5B ). This is consistent with previous evidence that the species of fatty acids within MGDG do not 222 change during freezing . Treatment with acetic acid or acetic acid with Mg 2+ caused 223 increases in TAG levels and decreases in MGDG levels with relatively small changes to PG levels in wild 224 type and sfr2 (Fig. 5C ). Few significant changes were observed in the total fatty acid profile or that of 225 MGDG or PG (Fig. 5D ). These patterns mimicked the direction and type of change seen during freezing.
226
Notably, the increases in TAG levels in response to acidification were again independent of the sfr2 227 genotype (i.e. occurred in wild type and sfr2), indicating that not only is SFR2 activated similarly in 228 response to acetic acid and freezing, but at least one other lipid-remodeling enzyme is similarly activated 229 by cytosol acidification. Fatty acid changes in TAG of wild-type plants included decreases in 16:0 and 230 18:0 and increases in 16:3 and 18:3, mimicking TAG fatty acid changes due to freezing (Fig. 5D ).
232
To confirm that the increased levels of TAG depend on cytosolic acidification through an independent 233 method, lipid droplets were observed by Nile Red staining of TAG droplets and subsequent confocal 234 microscopy. Quantification of lipid droplets per cell show trends consistent with the total lipid changes 235 observed for TAG (Fig. 5A, C (Figs. 1 and 2) . In fact, a decrease in cytosolic pH is apparent during both cold and freezing, 247
to the extent consistent with activating SFR2 (Fig. 3) . It is likely that this activation occurs through a 248 direct mechanism, as stable interactions of SFR2 with other proteins were not detected, and SFR2 is not 249 substrate limited (Fig. 4) . Using whole-tissue assays, changes to the levels and fatty acid profiles of 250 MGDG, TAG, and lipid droplet formation seen during freezing could be mimicked by pH changes. 251
Together, these data provide evidence that pH changes provide a critical link to activation of SFR2, and 252 this finding can be taken as paradigm for a molecular mechanism by which plants sense freezing within 253 cells. 254 255
Interestingly, SFR2 response to pH is not due to direct pH manipulation of its glycosyltransferase activity.
256
Yeast-produced SFR2 has a pH optimum of ∼ 7.5, though it responds similarly to magnesium ions 257 our immunoprecipitations, and it should be noted that SFR2 interaction with OST1 was only reported 271 after abscisic acid (ABA) treatment . ABA levels are known to increase in response to 272 chilling , and OST1 is active during cold-acclimation in Arabidopsis (Ding et al., 273 2015) . Thus, it is unlikely that OST1 is directly involved in the response of SFR2 to below-freezing 274 conditions. However, we cannot rule out activation of SFR2 by other mechanisms in addition to those 275 described here. 276 277
Specifically, production of oligogalactolipids independent of freezing conditions has been observed in 278 distinct genetic backgrounds or conditions. The trigalactolipid (TGD) genes were named for the 279 constitutive production of TGDG in their Arabidopsis mutants . The TGD proteins 280 have been shown to enhance transport of lipids from the endoplasmic reticulum to the chloroplast, and the 281 respective tgd mutants have altered outer envelope membrane compositions which could contribute to 282 SFR2 activation. Additionally, oligogalactolipid production appears to increase in response to oxidative 283 stress, including ozone fumigation the experimental conditions, levels were equalized using chlorophyll fluorescence prior to loading onto a 367 silica gel 60 plate (Merck) and separating as described above. MGDG, DGDG, and TGDG bands were 368 identified by comparison to standards purchased or generated using SFR2 expressed in yeast (Roston et  369 al., 2014). Radioactivity in the bands was quantified by scintillation counting. Presented data express the 370 level of radioactivity in TGDG as a percentage of all radioactivity in the sum of MGDG, DGDG, and 371 TGDG as a method to rule out control of MGDG synthesis, a prerequisite to TGDG radioactivity caused 372 by SFR2. 373 374 SFR2 assay in whole tissue 20 mM of hydrochloric acid, acetic acid, propionic acid, butyric acid or 2,4-375 dinitrophenol were adjusted to pH 4, 5, 6, or 7 ± 0.01 with dibasic potassium phosphate. 2,4-376 Dinitrophenol was not pHed to 4 because when dissolved it was already too basic (pKa = 4.09). As 377 indicated, 10 mM magnesium chloride was added. 5 ml of each solution was used to float either whole, 378 plate-grown Arabidopsis rosettes or 2 fully expanded P. sativum leaves. The plants were grown under 379 normal conditions (see above), and were not cold acclimated. The thick waxy cuticle of P. sativum leaves 380 was bypassed by cutting 5 slits across the epidermis of each pea leaf with a fine razor blade. Plants were 381 incubated at room temperature for 1 hour, then gently patted dry and analyzed for lipid content. 382 383
Lipid Analysis Plant tissue as described in the texts were extracted with a modified Bligh and Dyer 384 protocol to isolate lipids, as described The plants were kept in these temporary incubators enroute to the microscope. Individual plants were 466 removed from the container as quickly as possible, placed on a pre-chilled slide, and then onto the cooling 467 stage at 4°C. A maximum of two images were taken within a minute of placing the plant onto the slide.
468
All images were collected within 1 hour. Plants used to measure cytosolic pH during cold treatment were 469 4 weeks old and grown at 22°C; 22°C for 3 weeks and 6°C for 1 week; or 22°C for 3 weeks, 6°C for 1 470 week, and -6°C overnight. Plants used to measure cytosolic pH during acetic acid treatment were 3 weeks 471 old and were not cold acclimated.
473
Lipid Droplet Quantification Wild-type and sfr2 plants were grown for three weeks at 22°C and then 474 cold acclimated precisely as described for freeze-treatments. Plants were then subsequently frozen at -6°C 475 overnight or floated on 20mM acetic acid pH5, 20mM acetic acid pH 5 with 10 mM magnesium chloride 476 or water for three hours. After treating, leaves were removed from the rosette and cut into slices for all 477 treatments except freezing, which were left whole. The leaf sections were soaked in 0.1mg/mL Nile Red 478 stain with 8% DMSO for one hour on ice. Leaf sections were then rinsed with deionized water three times 479 before transport to the University of Nebraska-Lincoln Morrison Microscopy Core in deionized water.
480
Measurement of tissue was done in deionized water for all samples on standard microscope slides. Images 481 were taken on a Nikon Eclipse 90i upright fluorescence microscope with excitation at 561.4 and emission 482 from 570-620 nm for Nile Red stain and with excitation at 640.6 nm and emission from 663-738 nm for 483 chloroplast autofluorescence. Images were acquired sequentially and with a Z-step of 1μm. Image J 484 software with the FIJI plugin package was used for processing raw data. Cells were manually cropped by 485 their dimensions and converted into two-dimensional images using Z projections of maximum intensity.
486
Droplets were then hand counted on a per cell basis. Hand counts were statistically analyzed by ANOVA 487 PROC GLIMMIX analysis using SAS Version 9.4 (SAS Institute Inc biological replicates are given. Peptide identifications were accepted to achieve a false discovery rate of 502 less than 0.1%. Protein identifications were accepted to achieve a false discovery rate of less than 1.0% 503 504
Figure Legends Plants were grown at 22°C for three weeks and cold acclimated at 6°C for one week for all treatments 558 (cold). They were subsequently frozen at -6°C overnight (frozen), or floated on 20 mM acetic acid pH 5 559 (AcOH), 20 mM acetic acid pH 5 with 10 mM magnesium chloride (AcOH + Mg) or water for three 560 hours. All plants were sampled as rosettes with roots removed. Molar percentage (A, C) of 561 monogalactosyldiacylglycerol (MGDG), phosphatidylglycerol (PG), and triacylglycerol (TAG) relative to 562 total lipid amount and fatty acid profiles of each lipid species relative to total fatty acids for each 563 individual fatty acid were quantified (B, D . pH and Mg2+ treatments mimic lipid changes due to freezing. Plants were grown at 22°C for three weeks and cold acclimated at 6°C for one week for all treatments (cold). They were subsequently frozen at -6°C overnight (frozen), or floated on 20 mM acetic acid pH 5 (AcOH), 20 mM acetic acid pH 5 with 10 mM magnesium chloride (AcOH + Mg) or water for three hours. All plants were sampled as rosettes with roots removed. Molar percentage (A, C) of monogalactosyldiacylglycerol (MGDG), phosphatidylglycerol (PG), and triacylglycerol (TAG) relative to total lipid amount and fatty acid profiles of each lipid species relative to total fatty acids for each individual fatty acid were quantified (B, D). Values are biological replicate means ±SD. Each biological replicate consists of an average of 3 or 4 technical replicates. Lipid droplets were visualized with confocal microscopy after Nile Red staining, and quantified as the number of lipid droplets per cell (E). The box encompasses the interquartile range, with the central line representing the median. Whiskers represent maximum and minimum counts, respectively. For all data, significance (p less than or equal to 0.05) between control and treatment is represented by a double dagger and an asterisk represents significance (p less than or equal to 0.05) between wild type and sfr2. 
